Glycosylation alters protein form and function by establishing intermolecular forces that mediate specific interactions while preventing non-specific aggregation. Self-assembled peptide nanofibers modified with carbohydrates are increasingly used as biomaterials to mimic glycosylated protein function, yet the influence of carbohydrate conjugates on nanofiber structure remains poorly defined. Here we show that a dense carbohydrate surface layer can facilitate hierarchical organization of peptide nanofibers into anisotropic networks. Glycosylated peptide nanofibers remain dispersed in dilute conditions, whereas non-glycosylated nanofibers tend to aggregate. In crowded conditions, some glycosylated nanofibers laterally associate and align. This behavior depends on carbohydrate chemistry, particularly hydroxyls, suggesting involvement of short-range attractive forces. Macroscopic gels fabricated from densely glycosylated peptide nanofibers are resistant to non-specific interactions with proteins, mammalian cells, and bacteria, yet selectively bind lectins, analogous to natural lowfouling mucosal barriers. Collectively, these observations demonstrate that glycosylation can inform structure in addition to endowing function to peptide-based supramolecular biomaterials.
S equential self-assembly of proteins over multiple length scales underlies formation of countless structural and functional biomaterials throughout living systems. For example, the cytoskeleton is a dynamic network of anisotropic protein filaments that rearranges to give cells their shape, facilitate their movement, direct intracellular traffic, and regulate signal transduction 1 . Likewise, organization of proteins and proteoglycans into the extracellular matrices of multicellular organisms guides all aspects of cell physiology by engaging cell surface receptors, non-covalently regulating the transport of extracellular signals, and providing physical cues 2 . Inspired by these observations, synthetic supramolecular biomaterials assembled from peptides and peptide analogs are becoming increasingly more common 3 . However, encoding hierarchical self-assembly into these systems remains a challenge, despite established sequence-structure guidelines that have informed design of hundreds of peptide-based molecules that can form fibers with nano-scale features (i.e., "nanofibers") 4 .
Achieving hierarchical order requires self-assembly pathways that minimize erroneous kinetically trapped structures 5 . In natural fibrillar protein networks, this is facilitated by fine balances of attractive and repulsive forces that establish checkpoints in the free energy landscape. For example, collagen fibril assembly is activated by enzymatic removal of globular N-and C-terminal propeptides from pro-collagen triple helices 6 , while microtubule assembly is regulated by GTP/GDP binding to β-tubulin 7 . In contrast, synthetic peptides and their analogs tend to assemble into nanofibers that subsequently aggregate into random entangled networks because non-specific inter-fiber attractive forces outweigh repulsive forces 8 . Manipulating system temperature or pH can promote hierarchical order among synthetic nanofibers by balancing intermolecular forces [9] [10] [11] . Likewise, shear flow, magnetic field, and ultrasound can be applied to induce peptide nanofiber alignment [12] [13] [14] [15] . Alternatively, amino acid sequences can be tailored to promote nanofiber lateral association 16, 17 , although these examples have been limited to electrostatic and aromatic-aromatic interactions involving the few natural charged or hydrophobic amino acids, respectively. We envision that moving beyond the limited range of molecular motifs provided by amino acids will provide new opportunities to encode sequential self-assembly within systems of peptide-based nanofibers, leading to supramolecular biomaterials demonstrating hierarchical order over multiple length scales.
Posttranslational modification of proteins with carbohydrates (i.e., "glycosylation") can stabilize folded conformations, prevent aggregation, and establish selective molecular recognition by way of attractive and repulsive forces that promote specific intermolecular interactions while limiting non-specific aggregation 18, 19 . Notably, glycosylation facilitates hierarchical assembly of various natural protein-based structures, including acetylcholine receptors, flagella, and mucinous liquid crystals [20] [21] [22] . Peptide-based nanofibers modified with carbohydrates are finding increasing use as biomaterials for various applications, including growth factor delivery, lectin recognition, cell binding, and tissue regeneration [23] [24] [25] [26] [27] [28] [29] [30] . Yet, the influence of glycosylation on synthetic peptide self-assembly has received only limited attention focused primarily on hydrogel formation, nanofiber morphology, and nanofiber solubility 31, 32 .
Here we demonstrate that a dense carbohydrate surface layer facilitates hierarchical organization of β-sheet peptide nanofibers into anisotropic networks that are aligned over multiple length scales. Further, these anisotropic networks resist non-specific cell, bacteria, and protein interactions, yet selectively recognize lectins, due to the collective activity of carbohydrates assembled into a highly ordered supramolecular architecture.
Results
Glycosylated peptide nanofiber alignment in the gel state. QQKFQFQFEQQ ("Q11") is a synthetic peptide that selfassembles into β-sheet nanofibers in aqueous media, which entangle into self-supporting gels at high (~mM) concentrations 33 . We observed that a variant of Q11 terminated with asparaginelinked N-acetylglucosamine ("GQ11", Fig. 1a ) formed birefringent self-supporting gels at mM concentrations ( Fig. 1b-d) , which consisted of nanofibers that were aligned over several microns (Fig. 1e, f and Supplementary Fig. 1 ). GQ11 gels produced a highly anisotropic two-dimensional (2D) small-angle X-ray scattering (SAXS) pattern (Fig. 1g) . Employing an established fitting algorithm 34 , the nematic order parameter, S, was found to be 0.83, h Fig. 1 Glycosylation facilitates organization of β-sheet peptide nanofibers into anisotropic networks. a Chemical structure of GQ11 and b self-assembly of GQ11 into gels of aligned β-sheet nanofibers. GQ11 forms c self-supporting hydrogels that were d birefringent when viewed between cross-polarizers. e, f GQ11 hydrogels consisted of directionally oriented nanofibers when viewed using field-emission scanning electron microscopy (scale bar = 1 μm in e and 0.5 μm in f). g Small-angle X-ray scattering two-dimensional diffraction pattern and h radial intensity profile suggested anisotropic nanofiber orientation within GQ11 gels indicating a high degree of fiber alignment across the 1 mm beam diameter. The characteristic fiber-fiber correlation length within GQ11 gels estimated from the reciprocal of the half-width at half maximum, Γ, was~5 nm (Fig. 1h ). This suggested that GQ11 β-sheet nanofibers aligned via lateral association rather than entwining, where the latter is the more common morphology for hierarchically ordered β-sheet peptide nanofibers [35] [36] [37] .
Glycosylated peptide nanofiber alignment in crowded systems.
To gain mechanistic understanding of GQ11 alignment, we compared nanofiber morphology at sub-gelling (~μM)
concentrations under dilute and crowded conditions. Nonadsorbing macromolecular crowders establish depletion forces that increase effective concentration 38 , which were used here to mimic the environment of GQ11 nanofibers in the concentrated gel state. GQ11 nanofibers under dilute conditions were dispersed and randomly oriented, with no obvious aggregation or lateral association (Fig. 2a, b and Supplementary Fig. 2a ). In contrast, GQ11 nanofibers formed aligned bundles in the presence of Ficoll and poly(ethylene glycol) (PEG) (Fig. 2c, d and Supplementary  Fig. 2b-e) . GQ11 nanofibers did not laterally associate or align in the presence of sucrose, the carbohydrate monomer unit of Ficoll ( Supplementary Fig. 2f ), suggesting that the observed morphological changes were due to depletion forces induced by the presence of a macromolecule in solution. Although kinetics of nanofiber lateral association and alignment were not investigated explicitly, all transmission electron microscopy (TEM) samples were prepared within 5 min of introducing the crowding agent, suggesting that formation of inter-fiber contacts was rapid. The drying required to visualize nanofibers with TEM could induce structural artifacts, such as lateral association and alignment, which may not be observed in solution. To characterize the morphology of GQ11 nanofibers in the presence of a crowder in native conditions, we visualized samples with cryo-electron microscopy (cryo-EM) ( Fig. 2e and Supplementary Fig. 3 ). Similar to samples visualized with TEM, GQ11 nanofibers were laterally associated and highly aligned when viewed with cryo-EM in the presence of Ficoll, demonstrating that the alignment observed in samples viewed using TEM was not a drying artifact. Interestingly, though, aligned GQ11 nanofibers viewed with cryo-EM in the presence of Ficoll appeared twisted, as indicated by periodically alternating light and dark regions (Fig. 2e) , whereas aligned GQ11 nanofibers viewed after drying with TEM appeared straighter (Fig. 2c, d ). This suggested that drying may have an effect on the morphology of individual nanofibers.
To determine whether GlcNAc groups were accessible on the nanofiber surface, we characterized GQ11 binding to lectin and non-lectin proteins. GQ11 nanofibers bound wheat germ agglutinin (WGA), a lectin that recognizes GlcNAc (Fig. 2f) . In contrast, GQ11 did not bind bovine serum albumin (BSA) or Concanavalin A (ConA), which lack GlcNAc-binding properties (Fig. 2f ). Together these results indicated that GQ11-WGA interactions were specifically mediated by glycans that were displayed on the nanofiber surface and accessible in the surrounding aqueous environment. Notably, although BSA and ConA did not bind to GQ11 nanofibers, the presence of the proteins in solution induced nanofiber lateral association and alignment similar to Ficoll and PEG (Fig. 2g-i and Supplementary Fig. 4a, b ). This suggested a general role for excluded volume effects in GQ11 nanofiber lateral association that were independent of the type of macromolecular crowder that was present in solution. From these observations, we inferred that non-specific aggregation of GQ11 nanofibers was prevented by favorable interactions between surface glycans and surrounding water, while conditions that maximized water entropy at the expense of solute entropy promoted nanofiber lateral association into anisotropic networks. We further probed the role of water by`introducing trifluoroethanol (TFE), which has weaker hydrogen bonding capacity than water 39 . GQ11 nanofibers aligned in 25% TFE (Fig. 2j and Supplementary Fig. 4c ), similar to their behavior in the presence of the macromolecular crowders, Ficoll, PEG, BSA, and ConA. Collectively, these observations suggested that decorating self-assembled peptide nanofibers with a moiety that interacts strongly with water, such as a carbohydrate, can impart a checkpoint in the free energy landscape that facilitates hierarchical assembly by establishing repulsive forces that minimize kinetically trapped aggregate formation. Fig. 2 GQ11 nanofibers laterally associate and align in crowded conditions. GQ11 nanofibers were dispersed when viewed using transmission electron microscopy in a water and b phosphate-buffered saline (PBS). GQ11 nanofibers were aligned in the presence of Ficoll when viewed using c, d transmission electron microscopy and e cryo-electron microscopy. f GQ11 nanofibers selectively bound wheat germ agglutinin (WGA), a GlcNAc-binding lectin, but not Concanavalin A (ConA) or bovine serum albumin (BSA), suggesting carbohydrates were on the nanofiber surface and accessible to the surrounding aqueous environment. Data presented as mean ± standard deviation (n = 3). Inset: Co-localization of GQ11 nanofibers and WGA-coated gold beads (scale bar = 50 nm). GQ11 nanofibers were also aligned in the presence of g BSA, h, i ConA, and j trifluoroethanol (TFE) when viewed using TEM (scale bar = 100 nm)
Role of hydroxyls on GQ11 nanofiber association and alignment. Carbohydrates interact strongly with water via their multiple hydroxyl moieties. We studied the role of GlcNAc hydroxyl moieties in GQ11 hierarchical self-assembly by characterizing the morphology of nanofibers formed from a Q11 variant terminated with peracetylated GlcNAc ("AcGQ11"). Self-supporting AcGQ11 gels were weakly birefringent (Fig. 3a, b ) and consisted of randomly organized fibers ( Fig. 3c and Supplementary  Fig. 5 ). AcGQ11 produced a 2D SAXS scatter plot characteristic of a nearly isotropic sample (Fig. 3d) , and SAXS intensity decay in the low q range was consistent with the predicted profile for a collection of randomly oriented rigid rods (Fig. 3e) . Likewise, SAXS spectra angular profiles for GQ11 and AcGQ11 were significantly different (Fig. 3f) and represent a substantial decrease in the degree of alignment as evident by the reduction in the spectral order parameter from S = 0.83 to S = 0.53, respectively. At sub-gelling conditions, AcGQ11 nanofibers were dispersed in phosphate-buffered saline (PBS), similar to GQ11, but did not align in the presence of Ficoll or TFE ( Fig. 3g and Supplementary  Fig. 6 ). Taken together, these data demonstrated an important role for hydroxyl moieties in GQ11 nanofiber lateral association and alignment. To determine whether a single hydroxyl group appended onto Q11 was sufficient to facilitate alignment, we characterized the morphology of nanofibers formed from Q11 variants terminated with threonine and serine (i.e., "TQ11" and "SQ11", respectively). TQ11 and SQ11 nanofibers demonstrated a tendency to aggregate in PBS and did not align in crowded environments (Fig. 3h, i and Supplementary Fig. 7 ). These observations suggested that either the number of hydroxyl groups or their arrangement on GlcNAc were important for GQ11 hierarchical assembly. We further interrogated the influence of hydroxyls on nanofiber alignment by synthesizing Q11 variants terminated with the disaccharides Gal-β1,4-GlcNAc ("LacNAc", 6 OH groups) or GalNAc-β1,4-GlcNAc ("LacDiNAc", 5 OH groups) ( Supplementary Fig. 8a, b ). LacNAcQ11 and LacDiNAcQ11 nanofibers were dispersed in PBS (Fig. 3j , k, top and Supplementary Fig. 8c , e), similar to GQ11. In crowded environments, LacNAcQ11 nanofibers formed aligned bundles, whereas LacDiNAcQ11 did not (Fig. 3j , k, bottom and Supplementary Fig. 8d, f) . Collectively, these data suggested that nanofiber lateral association depended on carbohydrate chemistry rather than hydroxyl number alone. For LacDiNAcQ11, the GalNAc acetamido may disrupt inter-fiber interactions that are otherwise favorable for LacNAcQ11 having a hydroxyl. Similar dependence on carbohydrate chemistry for encoding hierarchical order is observed in many natural systems, such as multicellular association in sponge and melanoma cells 40, 41 , mucins gels 42 , glycosynapse formation 43 , and myelin sheath compaction 44 .
Influence of glycan density on GQ11 nanofiber alignment. The observed hydroxyl dependence of GQ11 hierarchical assembly suggested that nanofiber lateral association and alignment may be Hierarchical self-assembly of glycosylated peptides depends on hydroxyl moieties. AcGQ11 forms a self-supporting hydrogels that b were weakly birefringent when viewed under cross-polarizers. c AcGQ11 hydrogels consist of randomly arranged nanofibers when viewed using field-emission scanning electron microscope (scale bar = 1 μm). SAXS d 2D scatter plot, e radial, and f angular intensity profiles suggest random distribution of AcGQ11 nanofibers relative to GQ11 nanofibers. g AcGQ11 nanofibers were dispersed in phosphate-buffered saline (PBS) and did not align in the presence of Ficoll. h TQ11 and i SQ11 nanofibers showed a tendency to aggregate in PBS and did not align in the presence of Ficoll. j LacNAcQ11 and k LacDiNAcQ11 nanofibers were dispersed in PBS; however, only LacNAcQ11 nanofibers aligned in the presence of Ficoll (scale bar = 100 nm in g-k)
mediated by hydrogen bonding. Carbohydrate hydrogen bond lengths are typically 1-2 nm 45 , which is comparable to the distance between N-termini of anti-parallel β-strands in peptide nanofibers 46 . To probe relationships between inter-carbohydrate distance and nanofiber alignment, we first co-assembled GQ11 peptide with a non-glycosylated control peptide, NQ11, at different molar ratios (χ) ( Supplementary Fig. 9 ). Nanofibers with low carbohydrate density (χ GQ11 = 0-0.25) were prone to aggregation in PBS, whereas those with higher carbohydrate density (χ GQ11 ≥ 0.5 GQ11) remained dispersed (Fig. 4a , left). Nanofibers with a high carbohydrate density aligned in crowded environments, while nanofibers with a low carbohydrate density aggregated (Fig. 4a, right) . We also characterized the morphology of glycosylated nanofibers assembled from a pair of charge-complementary Q11 variants (i.e., QQKFKFKFKQQ ("CATCH+") and QQEFE-FEFEQQ ("CATCH−")). CATCH peptides co-assemble into β-sheets when mixed at an equimolar ratio 47 . Nanofibers assembled from a variant of CATCH+ terminated with Asn-linked GlcNAc and non-glycosylated CATCH− were dispersed in neutral aqueous buffer, similar to GQ11/NQ11 nanofibers where χ GQ11 = 0.5. However, glycosylated CATCH nanofibers did not laterally associate or align in the presence of Ficoll (Supplementary Fig. 10a , b), in contrast to GQ11/NQ11 nanofibers where χ GQ11 = 0.5. These observations suggested that lateral association and alignment of glycosylated peptide nanofibers depends on the peptide itself. This may be due to differences in nanofiber morphology. Compared to GQ11 nanofibers, CATCH nanofibers are often much more twisted and tortuous when viewed with TEM ( Supplementary Fig. 10c ).
Based on these observations, we further characterized relationships between physical aspects of GlcNAc display and hierarchical assembly of GQ11 nanofibers in crowded conditions using TEM. First, we decreased inter-carbohydrate distance along the nanofiber by synthesizing a Q11 variant modified with asparagine (GlcNAc) at both the N-and C-termini ("GQ11G"). GQ11G nanofibers were dispersed in PBS and aligned in the presence of Ficoll ( Fig. 4b and Supplementary Fig. 11a-c) , similar to GQ11. Finally, we varied the distance between the nanofiber and carbohydrate by synthesizing GQ11 variants with amino acid linkers separating asparagine(GlcNAc) from Q11 that were either half or twice the length of the parent GQ11 molecule (i.e., "2aaGQ11" or "8aaGQ11", respectively). 2aaGQ11 nanofibers aggregated in PBS and did not align in crowded environments ( Fig. 4c and Supplementary Fig. 11d, e) , whereas 8aaGQ11 nanofibers were dispersed in PBS and aligned under crowded conditions ( Fig. 4d and Supplementary Fig. 11f, g ).
Molecular interactions mediating GQ11 nanofiber alignment.
To characterize the molecular interactions involved in the lateral association and alignment of GQ11 nanofibers, we first analyzed 100% GQ11 and 100% NQ11 (i.e., 0% GQ11) nanofibers using circular dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR). In solution, GQ11 and NQ11 nanofibers adopted similar structures that were rich in β-sheets, as indicated by their comparable CD and FTIR spectra (Fig. 5a, b) , which suggested that glycosylation did not induce significant changes in the structure of Q11 nanofibers. In the gel state, however, FTIR spectra of GQ11 had a new peak at~1668 cm −1 that was absent in FTIR spectra of NQ11 ( Fig. 5c and Supplementary Fig. 12 ). A similar peak is seen in samples of α-chitin and has been assigned to stretching of GlcNAc carbonyl groups of one chitin polymer that are hydrogen bonded to amine groups on a neighboring chitin polymer 48 . These observations suggested the formation of Spatial aspects of carbohydrate presentation govern nanofiber lateral association and alignment. a Nanofibers of GQ11 and NQ11 coassembled at different molar ratios transitioned from a tendency to nonspecifically aggregate toward alignment with increasing GQ11 mole fraction. b GQ11G nanofibers were dispersed in phosphate-buffered saline (PBS) and aligned in the presence of Ficoll. GQ11 nanofibers with c a short, 2 amino acid linker (2aaGQ11) tended to aggregate in PBS and did not align in the presence of Ficoll, whereas GQ11 nanofibers with d a longer, 8 amino acid linker (8aaGQ11) were dispersed in PBS and aligned in the presence of Ficoll, similar to GQ11 having a 4 amino acid linker. Scale bar = 100 nm in a-d
hydrogen bonds involving GlcNAc groups on GQ11 nanofibers upon transition from the solution to the gel state. Next, we analyzed GQ11 and NQ11 in dilute and crowded conditions using CD. Ellipticity at 203 nm significantly increased in CD spectra of GQ11 with increasing Ficoll concentration (Fig. 5d) , whereas NQ11 spectra remained unchanged (Fig. 5e ). This increase in ellipticity for GQ11 nanofibers in crowded conditions was suggestive of interactions involving carbonyl groups in either the peptide backbone or GlcNAc. Taken together with the FTIR spectra of GQ11 gels, we inferred that this change in ellipticity was due to intermolecular interactions involving the GlcNAc carbonyl groups. However, this interpretation was further complicated by reports that anisotropic samples can distort CD spectra due contributions from linear birefringence and linear dichroism 49 , as seen previously with aligned amyloid protofilaments 50 . Thus these solution-phase spectroscopic changes may be attributable to the lateral association and alignment of GQ11 nanofibers observed in crowded conditions using TEM. To account for this possibility, we analyzed samples containing either GQ11 or NQ11 nanofibers with or without soluble GlcNAc using CD. We observed increases in ellipticity at 203 nm for samples of GQ11 plus soluble GlcNAc (Fig. 5f, g and Supplementary Fig. 13a ), whereas ellipticity was unchanged for samples of NQ11 plus soluble GlcNAc (Fig. 5h, i and Supplementary Fig. 13b) . N,N',N triacetylchitotriose, a GlcNAc oligomer, did not induce lateral association or alignment of GQ11 nanofibers ( Supplementary Fig. 14) , suggesting that the changes in ellipticity observed for GQ11 in crowded conditions were due to interactions involving carbonyl groups, not linear birefringence or linear dichroism. Further, the observation that GlcNAc interacted with GQ11 but not NQ11, which only differ in having GlcNAc or not, strongly suggests that nanofiber lateral association involves carbohydrate-carbohydrate interactions (CCI). CCI are weak and stabilized by multivalent avidity effects, as demonstrated previously with glycopolymers, glycomicelles, and glyconanoparticles characterized with analytical techniques such Characterization of molecular interactions mediating association and alignment of GQ11 nanofibers. GQ11 and NQ11 nanofibers adopted similar secondary structures under dilute conditions when analyzed with a Fourier-transform infrared spectroscopy and b circular dichroism. c In the gel state, GQ11 had a peak at 1668 cm −1 attributed to the GlcNAc C=O group that was absent in NQ11 gels, whereas peaks at 1620 cm −1 related to the peptide backbone were unchanged. d GQ11 nanofibers demonstrated a strong increase in ellipticity at 203 nm as a function of Ficoll concentration, whereas e NQ11 ellipticity at 203 nm remained unchanged in the presence of Ficoll. When compared to GQ11 nanofibers alone (f), GQ11 nanofibers also demonstrated an increase in ellipticity at 203 nm in the presence of soluble GlcNAc (g). In contrast, when compared to NQ11 alone (h), ellipticity of NQ11 was unchanged in the presence of soluble GlcNAc (i). In g and i, "Obs." denotes the observed spectrum for a sample of nanofiber+GlcNAc, whereas "Exp." denotes the expected spectrum based on the sum of the nanofiber and GlcNAc spectra shown under "Individual". Note that in both f and h, the same representative spectrum is used for the GlcNAc sample as Langmuir monolayers, modified enzyme-linked immunosorbent assay, surface plasmon resonance, quartz crystal microbalance, and calorimetry [51] [52] [53] [54] [55] [56] [57] . Here the smaller change in ellipticity observed for GQ11 nanofibers mixed with soluble GlcNAc (Fig. 5g) vs. nanofibers in crowded conditions (Fig. 5d ) could be due in part to weaker affinity between GlcNAc immobilized in a multivalent configuration, such as on a peptide nanofiber, and monovalent GlcNAc in solution. However, further studies are needed to quantitatively measure the affinity of intermolecular interactions between carbohydrates on β-sheet peptide nanofibers.
Non-fouling properties of GQ11 hydrogels. Within living systems, carbohydrates assembled into multivalent configurations demonstrate emergent functional properties that are not shared by their monovalent counterparts. For example, dense carbohydrate presentation at biological interfaces, such as the glycocalyx and secreted mucinous layers, confers resistance to non-specific biological interactions while encoding selective biomolecule recognition 58 . Resistance is often attributed to a combination of carbohydrate hydrophilicity and steric repulsion, while recognition is enabled by carbohydrate clustering and multivalency. Here we characterized protein interactions with GQ11 and NQ11 gels by analyzing the release of encapsulated BSA and WGA into bulk aqueous media. Nearly all encapsulated BSA was released from GQ11 gels, whereas a significant fraction of encapsulated WGA was retained (Fig. 6a, b) . In contrast, NQ11 gels released nearly all encapsulated BSA and WGA (Fig. 6a, b) . Together, these data demonstrated that glycosylation endowed peptide nanofiber gels with selective recognition of a GlcNAc-binding lectin, where high binding affinity likely resulted from assembling carbohydrates into a multivalent configuration. We also characterized GQ11 gel resistance to non-specific mammalian cell adhesion. Both macrophages and fibroblasts attached to the surface of NQ11 gels in the presence of serum, whereas significantly fewer cells attached to GQ11 gels (Fig. 6c-h and Supplementary Fig. 15 ). Regions of glass slides coated with GQ11 had few adherent fibroblasts, whereas regions coated with NQ11 were fouled (Fig. 6i-l and Supplementary Fig. 16 ). Collectively, these observations suggested that NQ11 gels were susceptible to non-specific adsorption of serum proteins that mediate cell adhesion, while GQ11 gels were more resistant to non-specific protein adsorption. This was likely due to steric repulsion and hydrophilicity endowed by GlcNAc monosaccharides organized into a dense layer on the surface of the nanofiber network. Further, these results suggested that GlcNAc-binding receptors expressed by macrophages or fibroblasts, such as Endo180 or CD206 59,60 , do not interact with GlcNAc groups on GQ11 gels in a manner that enables cell adhesion. GQ11 gels selectively recognized a GlcNAc-binding protein but otherwise resisted non-specific biological interactions. a Bovine serum albumin rapidly released from NQ11 and GQ11 hydrogels, whereas b wheat germ agglutinin was selectively retained by GQ11 hydrogels. Dashed lines in a and b represent mass of protein encapsulated within the gel. GQ11 hydrogels were more resistant to non-specific RAW264.7 macrophage adhesion than NQ11 hydrogels in the presence of serum as determined c quantitatively via metabolic activity and d, e qualitatively via light microscopy. f-h GQ11 hydrogels were also more resistant to non-specific NIH3T3 fibroblast adhesion in the presence of serum than NQ11 hydrogels. i Glass surfaces coated with GQ11 hydrogels resisted non-specific NIH3T3 fibroblast adhesion. j Region of GQ11 hydrogel represented by white box in i. In contrast, k regions of glass coated with NQ11 hydrogels were fouled by NIH3T3 fibroblasts. l Region of NQ11 hydrogel represented by white box in k. m GQ11 hydrogels were also more resistant to E. coli adhesion than NQ11 hydrogels. In i-l, nanofibers were stained green with Thioflavin T (ThT) and cells were stained red with CellTracker®. Scale bar = 100 μm in d, e, g-i, and k. Data presented as mean ± standard deviation in a-c, f, and m. **p < 0.005, and ***p < 0.0005 using Student's t test (n = 3)
To characterize the biodegradability of GQ11 and NQ11 hydrogels, we treated each with trypsin, a protease that was expected to cleave both peptides at the amide linkage C-terminal to the Lys residue of Q11 (QQK*FQFQFEQQ). Mass spectra for each gel before and after trypsin treatment demonstrated that both peptides were digested ( Supplementary Fig. 17 ), indicating that both NQ11 and GQ11 hydrogels are biodegradable.
Finally, we evaluated GQ11 gel resistance to bacterial adhesion. Compared to control surfaces, GQ11 gels reduced the number of viable adherent Escherichia coli to <10%, whereas NQ11 gels only reduced bacteria colonization to~40% (Fig. 6m) . Interestingly, AcGQ11 gels demonstrated comparable resistance to E. coli adhesion as GQ11 gels, whereas their resistance to fibroblast and macrophage adhesion was weaker (Supplementary Fig. 18 ). These observations suggested that both glycosylation and nanofiber alignment may contribute to GQ11 resistance to mammalian cell adhesion, while only glycosylation is necessary to prevent E. coli adhesion. Previous reports have demonstrated that chitin nanocrystals embedded within electrospun polymer membranes can confer non-fouling properties through a combination of increased hydrophilicity that prevents cell adhesion and the antimicrobial properties of deacetylated glucosamine groups (i.e., chitosan) produced via acid hydrolysis during chitin nanocrystal extraction 61, 62 . Here we propose that resistance to E. coli adhesion on GQ11 gels primarily results from the increased hydrophilicity established by nanofiber glycosylation because our materials are devoid of deacetylated glucosamine units having antimicrobial properties.
Discussion
Here we show that glycosylation facilitates hierarchical assembly of β-sheet peptide nanofibers into anisotropic networks that are ordered over multiple length scales. Lateral association and alignment of glycosylated peptide nanofibers is dependent on both carbohydrate chemistry and density. The data in Figs. 4 and 5 support a role for short-range hydrogen bonding between GQ11 nanofibers as a mediator of lateral association. The low energy and reversibility of hydrogen bonding affords a key advantage over longer range and omnidirectional interactions in hierarchical self-assembly. Namely, weak interactions that can be stabilized by near-neighbor cooperativity may extend inter-fiber contact time while also permitting nanofiber rotation and sliding, which together have been theorized to facilitate fiber alignment 63 . Importantly, the multiple co-localized hydrogen bonds afforded by a carbohydrate stabilized inter-fiber interactions to an extent that was not possible with mono-hydroxylated threonine and serine, yet were not so robust as to kinetically trap nanofibers as misaligned aggregates. Although beyond the scope of this report, elucidating specific inter-fiber interactions involved in GQ11 lateral association will likely open up new avenues to rationally design glycosylated peptides that hierarchically assemble into precise supramolecular architectures.
Our data demonstrate that anisotropic GQ11 networks resist non-specific cell, bacteria, and protein interactions, yet selectively recognize lectins, analogous to natural densely glycosylated materials. Compared to many previously reported glycoconjugates designed for low-fouling biomaterial applications, such as polysaccharides, peptoids, and alkanethiols [64] [65] [66] , GQ11 is unique because it can physically crosslink into self-supporting gels. Given the important role of macrophages, fibroblasts, and bacteria in establishing the foreign body reaction to implants 67 , these observations suggest that GQ11 gels may find use as either lowfouling biomaterials or surface coatings. This potential is further supported by the reported low immunogenicity of Q11 68 , which suggests that GQ11 will demonstrate favorable immunological compatibility.
From our observations, we postulate that GQ11 hierarchical assembly proceeds through a sequential mechanism. First, GQ11 peptides self-assemble into nanofibers that resist non-specific aggregation due to water-carbohydrate interactions established by a dense surface glycan layer (Fig. 7a) . Then, excluded volume effects drive nanofiber collapse into bundles, where relatively Proposed role of glycosylation in hierarchical self-assembly and emergent function of GQ11 nanofibers. Glycans on GQ11 nanofibers interact with water (a), forming a hydration layer that minimizes nanofiber non-specific aggregation under dilute conditions (b). Excluded volume effects in crowded environments drive nanofiber bundling (b), while short-range inter-fiber interactions facilitate lateral association and long-range alignment. c Carbohydrates are radially projected at regular intervals due nanofiber twisting established by amino acid chirality, which provides inter-fiber contact points in all directions to facilitate lateral association without geometric constraint. d Glycans on the outermost layer of nanofibers interact favorably with water to prevent non-specific biological interactions, yet can specifically recognize a carbohydrate-binding protein weak inter-fiber interactions mediate lateral association while facilitating nanofiber rotation and sliding to correct misalignments, ultimately resulting in system convergence on the most thermodynamically favorable state of aligned nanofibers (Fig. 7b) . Nanofiber twisting due to amino acid chirality would lead to radial display of carbohydrates at a regular interval that provides inter-fiber contact points in all directions (Fig. 7c) . Hierarchical assembly via lateral association rather than entwining would suggest that GQ11 nanofiber bundles can grow radially with no geometric constraint, because the entropic penalty resulting from untwisting of subsequent layers in entwined structures would be avoided [35] [36] [37] . Carbohydrates displayed on the outermost nanofibers of a network interact with water to endow resistance to nonspecific biological interactions, yet also encode selective biomolecule recognition (Fig. 7d) . Together, these observations demonstrate that glycosylation can alter the structure and function of supramolecular biomaterials by establishing attractive and repulsive forces that dictate intermolecular interactions, analogous to the influence of glycosylation on protein form and function 19 . We envision that modifying self-assembling peptides with the diverse carbohydrate chemistries found throughout nature will lead to supramolecular biomaterials with a broad range of new emergent properties that are advantageous for various biomedical and biotechnological applications.
Methods
Peptide synthesis and purification. Amino acids and amide resin were purchased from Novabiochem. 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), 1-hydroxy-7-azabenzotriazole (HOAt), N,N-diisopropylethylamine (DIEA), dimethylformamide, trifluoroacetic acid (TFA), diethyl ether, and methanol were purchased from Fisher Scientific. Piperidine, 1,8-Diazabicyclo[5.4.0] undec-7-ene, triisopropylsilane (TIS), and sodium methoxide were purchased from Sigma-Aldrich. Peptides GQ11 (N(GlcNAc) SGSGQQKFQFQFEQQ), GQ11G (N(GlcNAc)SGSGQQKFQFQFEQQGSGSN (GlcNAc)), 2aaGQ11 (N(GlcNAc)SGQQKFQFQFEQQ), 8aaGQ11 (N(GlcNAc) SGSGSGSGQQKFQFQFEQQ), NQ11 (NSGSGQQKFQFQFEQQ), AcGQ11 (N ((Ac) 3 -GlcNAc)SGSGQQKFQFQFEQQ), TQ11 (TSGSGQQKFQFQFEQQ), and SQ11 (SSGSGQQKFQFQFEQQ) were synthesized following standard Fmoc solid phase peptide synthesis protocols with DIEA/HOAt/HATU activation, according to previously reported methods 27 . Peptides were cleaved with TFA/TIS/water (95:2.5:2.5) cocktail. Peptides were precipitated with diethyl ether, dried, resuspended in distilled water, and freeze dried. GQ11, GQ11G, 2aaGQ11, and 8aaGQ11 were further treated with sodium methoxide and precipitated in methanol for deacetylation. All peptides were purified using an Ultimate 3000 HPLC equipped with a C18 column. Peptide molecular weight was assessed using matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) in a Bruker Microflex LRF system and α-cyano-4-hydroxycinnamic acid as the matrix (Supplementary Fig. 19 ). Peptide purity was >95% for all studies ( Supplementary  Fig. 20 ).
Nanofiber and gel preparation. To prepare nanofibers, lyophilized peptide powders were dissolved in ultrapure water at 5 mM, diluted to working concentration in 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ), and incubated overnight at room temperature. To prepare gels, peptides were dissolved in ultrapure water at 5 mM, diluted to 4.5 mM using 10× PBS, and incubated overnight at room temperature. Gels were either formed by placing peptide solution into the bottom of a 2 mL scintillation vial or by placing between two glass slides rendered hydrophobic with Sigmacote (Sigma-Aldrich), which were separated with 3 mm spacers.
Birefringence. All gels were cast in 2 mL scintillation vials, placed in front of a linearly polarized light source, and imaged using a Nikkon digital camera equipped with cross-polarizers.
Field-emission scanning electron microscopy. For visualization of gels using FE-SEM, gels were dehydrated in a series of ethanol/water solutions progressing from 30% to 100% ethanol. Dehydrated gels were critical point dried for 1 h in a Bal-tec critical point dryer. Samples were sputter coated with 8 nm gold using a Denton Desk V Sputter System and imaged using a Hitachi SU5000 Schottky FieldEmission Variable Pressure SEM. Sample preparation and image collection were done on equipment maintained by the University of Florida Interdisciplinary Center for Biotechnology Research.
Transmission electron microscopy. For visualization of nanofibers with TEM, nanofiber solutions in PBS were prepared as described above. Nanofibers were diluted to 250 μM in 1× PBS or 1× PBS with macromolecular crowder. Cryo-electron microscopy. All sample preparation for cryo-EM was performed by the University of Florida Interdisciplinary Center for Biotechnology Research EM Core Facility. Three-microliter aliquots of 1× PBS containing GQ11 (250 μM) and Ficoll (100 mg/mL) were applied to C-flat holey carbon grids (Protochips, Inc.) and vitrified using a Vitrobot™ Mark IV (FEI Co.) operated at 4°C and with~90% humidity in the control chamber. The vitrified sample was stored under liquid nitrogen and transferred into a Gatan cryo-holder (Model 626/70) for imaging. The sample was examined using a 4k × 4k CCD camera (Gatan, Inc.) on a Tecnai G2 F20-TWIN Transmission Electron Microscope (FEI Co.) operated at a voltage of 200 kV using low-dose conditions (~20 e/Å 2 ). Images were recorded with a defocus of approximately 3 µm to improve contrast.
Small angle X-ray scattering. To quantify the average fiber orientation over macroscopic scales within self-assembled peptide nanofiber hydrogels, we performed SAXS measurements, sampling volumes of approximately 1 mm 3 . Hydrogels were prepared in aqueous buffer, pipetted into thin-walled amorphous quartz capillaries (10 μm wall thickness), and flame sealed. SAXS data were collected with a 2D wire detector (Bruker Nanostar) for approximately 18 h and analyzed using a combination of Fit2D software and custom written analysis code. The scattering patterns lay on a coordinate system of wave-vectors in reciprocal space, given by
where λ = 1.54 Å is the Cu K α X-ray wavelength and 2θ is the scattering angle. Sample anisotropy can be quantified by measuring the nematic order parameter from these data, given by 34 ,
Here ϕ is the azimuthal angle in reciprocal space and f(ϕ) is the orientational distribution function, which is determined by fitting a Gaussian line-shape to the relative intensity at a fixed q as a function of the azimuthal angle 69 . We average over a narrow q-range (0.13 < q < 0.5) to determine f(ϕ) for each sample.
Fourier transform infrared spectroscopy. Peptide secondary structure was characterized using attenuated total reflectance FTIR. A 3 μL nanofiber solution in water or PBS (4.5 mM) was deposited onto a diamond-coated ZnSe crystal and dried at room temperature. Spectra were collected with a PerkinElmer Spectrum 100 spectrometer equipped with a KBr beam splitter. The data presented corresponds to the average of 4 scans at a resolution of 4 cm −1 .
Circular dichroism. Peptide secondary structure was characterized under dilute and crowded conditions using CD on an Aviv Model 430 spectrometer or an Applied Photophysics Chiroscan V100 spectrophotometer. For analysis of peptide secondary structure and characterization of peptides in crowded conditions, nanofibers were prepared by dissolving lyophilized peptide powders in ultrapure water at 5 mM and diluting to 0.15 mM in 1× CD potassium phosphate buffer (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM KF, pH 7.4). Here sodium chloride was substituted with potassium fluoride due to strong absorbance by Cl − ions in the ultraviolet range. For analysis of nanofiber binding to GlcNAc, nanofibers were prepared by dissolving lyophilized peptides in water at 10 mM and then diluting ten-fold in 1× CD potassium phosphate buffer. Samples were then diluted to 0.25 mM in 1× CD potassium phosphate buffer containing 0.6 mM GlcNAc. Spectra reported correspond to the average of 3 runs after baseline subtraction and with dynode values <500 V.
Protein binding to nanofibers. Nanofibers (1 mM) in PBS were incubated for 1 h at room temperature with 10 μM of WGA (Sigma-Aldrich L9640), ConA (MP Biomedicals 15071001), or BSA (MP Biomedicals). Nanofibers were sedimented by centrifugation at 11,300 × g for 5 min, and supernatant was analyzed for unbound protein by measuring tryptophan fluorescence (excitation 280 nm, emission 345 nm) using a SpectraMax M3 spectrophotometer (Molecular Devices), similar to previously reported methods 27 .
Protein release from hydrogels. PBS 70 μL solution containing 4.5 mM peptide plus 10 μM BSA or WGA was added to the bottom of 96-well plates and allowed to gel overnight. Protein release was initiated by adding 200 μL of fresh 1× PBS on top of the gels. For all groups at each time point, 100 μL of supernatant was transferred into a black 96-well, glass-bottom plate, and protein concentration was measured via tryptophan fluorescence (excitation λ = 280 nm, emission λ = 345 nm) using a SpectraMax M3 spectrophotometer (Molecular Devices). After fluorescence measurements, supernatants were transferred back to the corresponding well containing gels until the following time point. Fluorescence measurements were performed 0.5, 1, 2, 4, 8, and 24 h.
Expression and purification of β-1,4-galactosyltransferase 1. Human placental β-1,4-galactosyltransferase 1 Y284L (GalNAcT) mutant was previously reported 30 . Sequence can be found in Supplementary Data 1 and 2. GalNAcT gene (Genscript) was inserted into pET(+)-21d vector between NcoI and XhoI sites, transformed into TOP 10 E. coli, and selected on lysogeny broth (LB) agar plates containing 100 μg/mL ampicillin. Positive clones were used to inoculate 5 mL of LB and culture was grown overnight at 37°C on an orbital shaker (225 rpm). Genes were isolated from culture using a Plasmid Mini-prep Kit (Qiagen) following the manufacturer's instructions and sequenced at the University of Florida Interdisciplinary Center for Biotechnology Research. Genes containing the correct sequence were transformed into Origami B (DE3) E. coli for expression and then plated on LB agar plates containing 100 μg/mL ampicillin and 50 μg/mL of kanamycin A for selection. Positive clones were picked and used to inoculate 5 mL of 2×TY media containing antibiotics and allowed to grow overnight at 37°C on an orbital shaker at 225 rpm. Cultures were expanded in 1 L of 2×TY media containing antibiotics and incubated at 37°C on an orbital shaker until they reached an optical density of 0.6 at 600 nm. To induce protein expression, 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, Fisher Scientific) was added and cultures were incubated for 18 h at 18°C shaking at 225 rpm. Bacteria were collected by centrifugation at 16,300 × g for 10 min and washed 3 times with PBS. Bacteria were lysed by incubating with 10× BugBuster (EMD Millipore) diluted to working concentration with HEPES buffer (20 mM) containing lysozyme (Fisher) and deoxyribonuclease I (Worthington) for 15 min at room temperature. Lysed bacteria were cleared by centrifugation at 42,800 × g for 15 min at 4°C. Supernatant containing protein was loaded into columns containing HisPur TM cobalt resin (Fisher), washed with 15 column volumes of HEPES buffer (50 mM), and eluted with an imidazole gradient. Imidazole was removed from the pure protein fractions by dialyzing against 2 L of HEPES buffer containing 10 mM of MnCl 2 . Protein molecular weight was confirmed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel stained with Coomassie Blue.
Enzymatic carbohydrate conversion. LacNAcQ11 and LacDiNAcQ11 were prepared following previously established methods 27, 30 . For LacNAcQ11, per 1 nmol of GQ11, 1.5 μg of β-1,4-galactosyltransferase from bovine milk (β-1,4-GalT, Sigma-Aldrich G5507) and 5 nmol of uridine diphosphate galactose (UDP-Gal, Carbosynth MU06699) were added in 20 mM HEPES buffer with 10 mM MnCl 2 (pH 7.5). For LacDiNAcQ11, per 1 nmol of GQ11, 2 μg of β-1,4-galactosyltransferase 1 Y285L mutant (β-1,4GalT Y285L), and 10 nmol of uridine diphosphate n-acetylgalactosamine (UDP-GalNAc, Carbosynth MU04515) were added in 50 mM HEPES buffer containing 10 mM MnCl 2 (pH 7.5). Enzymatic conversions were carried out at 37°C for 18 h. Enzymatic conversions were confirmed with MALDI-TOF ( Supplementary Fig. 8a, b) . To remove enzymes and unreacted species, nanofibers were washed 3 times by centrifuging at 11,300 × g for 5 min, removing supernatant, and resuspending in PBS.
Mammalian cell adhesion to gels and gel-coated surfaces. RAW264.7 macrophages and NIH 3T3 fibroblasts were from ATCC. For mammalian cell studies, RAW264.7 macrophages and NIH 3T3 fibroblasts were grown in Dulbecco's Modified Eagle Medium (Corning) supplemented with 10% fetal bovine serum (Hyclone) and 1% penicillin-streptomycin (Gibco) at 37°C and 5% CO 2 . Cells (100 μL, 5 × 10 5 cells/mL) were seeded on top of GQ11 and NQ11 gels (55 μL) formed on the bottom of a 96-well plate, as described above. Cells were incubated for 24 h at 37°C and 5% CO 2 . Loose cells were removed by washing gels 5 times with 1× PBS. Cells were imaged in bright field with a Zeiss Axio Observer Microscope. Cell metabolic activity was measured using CellTiter-Blue® Cell Viability Assay (Promega) according to the manufacturer's instructions. To study fibroblast adhesion to gel-coated surfaces, glass microscope slides were cleaned with ethanol and coated with a thin layer of 5 mM GQ11 or NQ11 solution. Slides were maintained at 37°C for 1 h before placing them in tissue culture plates. Fibroblasts were fluorescently labeled with CellTracker™ Red CMTPX Dye (ThermoFisher) before seeding onto gel-coated or bare glass regions at a density of 5 × 10 5 cells/mL. Fibroblasts were incubated for 8 h at 37°C and 5% CO 2 . Slides were immersed three times in PBS to remove loose cells and imaged using a Zeiss Axio Observer Microscope equipped with a red excitation/emission filter (546/ 608 nm).
Bacterial cell adhesion to hydrogels. One Shot TM TOP10 Chemically Competent E. coli containing ampicillin-resistant pET(+)-21d vector were grown in LB medium at 37°C on an orbital shaker (225 rpm) until they reached an optical density of 0.1 (λ = 600 nm). Bacteria in LB media (100 μL) were added onto the top of GQ11 and NQ11 gels (55 μL) cast on the bottom of 96-well plates, as described above. Samples were incubated at room temperature for 4 h, after which samples were washed 5 times with 1× PBS. Bound remaining bacteria were quantified with BacTiter-Glo TM (Promega) according to the manufacturer's instructions.
Trypsin digest. Five microliters of 5 mM NQ11 or GQ11 gel was digested with 1 µL of 0.25% Trypsin at 37°C for 24 h. Samples were mixed 1:1 with α-cyano-4-hydroxycinnamic acid (Sigma) (10 mg/mL) in 70% acetonitrile and 30% water (both containing 0.1% TFA). Two microliters of sample was spotted and dried onto a MALDI-TOF plate and scanned. Samples were analyzed using MALDI-TOF in a Bruker Daltonics Autoflex maX with a smart beam II UV laser.
Statistical analysis. Protein, bacteria, and cell experiments were conducted in triplicate. Statistical differences between groups were analyzed using an unpaired t test with a confidence interval of 95% or analysis of variance (ANOVA) with Tukey's post hoc in the GraphPad Prism software.
T test comparing GQ11 and NQ11 only. All experimental and control groups were n = 3 for macrophage, fibroblast, and bacterial cell adhesion to bulk gels, and the data were reported as average ± standard deviation. Statistical differences between groups were analyzed using unpaired Student's t test. In macrophage adhesion studies, p = 0.0048 and F value is 7.771. In fibroblast adhesion studies, p = 0.0002 and F value is 180. In bacteria adhesion studies, p = 0.0005 and F value is 3.073.
One-way ANOVA to include AcGQ11. All experimental and control groups were n = 3 for macrophage, fibroblast, and bacterial cell adhesion to bulk gels, and the data were reported as average ± standard deviation. Statistical differences between groups were analyzed using ANOVA with Tukey's post hoc in the GraphPad Prism software. In macrophage adhesion studies, p = 0.002 for GQ11 vs. NQ11, p = 0.0027 for GQ11 vs. AcGQ11, and no significant (n.s.) difference between NQ11 vs. AcGQ11. F value is 24.17. In fibroblast adhesion studies, ****p < 0.0001 for GQ11 vs. NQ11, p = 0.0017 for GQ11 vs. AcQ11 and p = 0.003 for NQ11 vs. AcGQ11. F value is 114.7. In bacteria adhesion studies, ****p < 0.0001 for GQ11 vs. NQ11 and NQ11 vs. AcGQ11 and p = 0.0013 for GQ11 vs. AcGQ11. F value is 127.
